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A B S T R A C T

Indigenous ammonia-oxidizing bacteria (AOB) in a clay loam soil were extremely difficult to release

from soil particles compared to most heterotrophic bacteria; less than 1% of indigenous AOB

(estimated as potential ammonia oxidation rate) were extractable by the dispersion-density-gradient

centrifugation technique. This is at least 10-fold less than the extractability of heterotrophic bacteria.

Urea applications to the same soil induced a 5-fold increase in the potential ammonia oxidation

rate, and this resulted in a much higher percentage (8%) extractability of AOB. Thus, the newly

grown AOB in the urea-treated soil were less strongly attached to the soil particles. The contrast

suggests that the strong attachment of indigenous AOB is a gradual process taking place due to a

long residence time (infrequent/slow cell division) compared to heterotrophic organisms. However,

the contrast could also reflect differences in species composition of the original AOB community

and those growing in response to urea inputs. Specific detection of AOB in extinction dilution

cultures was done by PCR and sequencing of the products. Considerable diversity was found within

the genus Nitrosospira, but severe problems with the specificity of the primers were observed. Two

allegedly AOB specific PCR primers pairs were used: one specific for Nitrosospira (SPIRA) and one

which should encompass all AOB within the b-Proteobacteria (GAOB). Only 33% of the cultures

that gave PCR products with GAOB also gave products with the SPIRA primer pair, suggesting the

presence of AOB other than Nitrosospira. However, the phylogeny based on the sequencing placed

all the cultures in various clusters of the Nitrosospira clade, suggesting that the SPIRA primers do

not match all members of the Nitrosospira genus. The cultures obtained from the urea-treated soil

were different from the others in giving PCR products only with the SPIRA primers and not with

the GAOB. Since sequencing also here confirmed the presence of Nitrosospira, these observations

suggest that the GAOB primers do not match all AOB species.
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Introduction

The phylogeny of cultured chemoautotrophic ammonia-

oxidizing bacteria (AOB) has been studied by sequencing of

16S rRNA genes [1, 19, 32, 46, 47, 52]. Based on these 16S

rDNA sequences, oligonucleotides assumed to be specific for

the AOB have been constructed [25, 42, 47] and used to

characterize populations of AOB in natural environments.

This has been done by PCR amplification of rRNA genes,

followed by hybridization of products and/or denaturing

gradient gel electrophoresis (DGGE) [23, 25], or fluorescent

in situ hybridization (FISH) [50]. These methods all require

that the specificity of the oligonucleotides (primers or

probes) must be sufficiently broad to detect all strains within

a certain group of AOB, but no others [5].

PCR studies of small populations of soil bacteria (such as

AOB) are difficult because of the inhibition of the polymer-

ase by humic substances. Cell extraction [24] preceding lysis

and DNA extraction would circumvent this problem [8], but

could introduce additional bias inherent in the cell extrac-

tion. For several reasons, we hypothesized that extraction of

AOB from soil would be extremely difficult.

Populations of AOB appear to grow on surfaces rather

than as free cells [3], and surface-growing AOB often pro-

duce exopolymers [34, 40, 48, 51]. The exopolymers may

promote surface attachment and protect the cells against

desiccation, low pH, and predation during surface growth

[9, 40, 51]. It is reported that exopolymer production in in

vitro cultures is often increased during starvation [40], which

is assumed to be the normal state of bacteria in most envi-

ronments [7]. These factors indicate that AOB in soil will

mainly be surface attached, and strong attachment has been

indicated by several investigations [3, 34, 49]. The slow/

infrequent growth of AOB in soil [2, 44] results in long

residence time. This is another factor potentially contribut-

ing to their attachment, since the establishment of strong

“irreversible” attachment of bacteria to surfaces appears to

be a gradual process [8]. Thus, strong surface attachment

could be a characteristic for AOB which reflect their eco-

logical niche, similar to observations for methane-oxidizing

bacteria in soil [33].

In the present study we used density-gradient centrifuga-

tion to explore the strength of attachment of AOB to soil

particles. The extractability of indigenous (in unamended

soil) AOB was compared with that of recently grown cells (in

urea amended soil). We also compared the AOB community

composition of attached and unattached cells by extinction

dilution culturing and analysis of 16S-rDNA of AOB in these

cultures by PCR with specific primers, followed by sequenc-

ing of the PCR products.

Materials and Methods
Nycodenz Effects on Ammonia Oxidation

Nycodenz (NYCODENZ; Nycomed, Oslo, Norway; IUPAC name:

N,N-’bis(2,3-dihydroxyprolyl)-5-[N-(2,3-dihydroxyprolyl)acet-

amido]-2,4,6-triiodo isophthalamide) is a density gradient material

suitable for separation of free and attached cells [8], but was found

to irreversibly inhibit methanotrophic bacteria [33]. Hence, we

tested whether Nycodenz was toxic to AOB at concentrations rel-

evant for cell separation. First, we measured the ammonia oxida-

tion rate in the presence of different concentrations of Nycodenz.

Secondly, we tested whether the observed inhibition could be re-

versed by removing the Nycodenz.

In the first experiment, 0.5 g soil (fresh weight) was mixed with

1 ml of Nycodenz solution (three replicates; 0, 0.2, 0.4, and 0.8 g

Nycodenz ml-1) in 50 ml plastic tubes (Corning, Acton, MA, USA)

and incubated for 1 h at 30°C in the dark. Potential ammonia-

oxidation rate was then measured as nitrite accumulation using the

chlorate inhibition method [10]. One ml of double strength me-

dium for potential ammonia oxidation (PAO) was added, and the

tubes were incubated for 6 h in horizontal position on a rotary

shaker (300 rpm) at 30°C in the dark. Single strength PAO was 25

mM phosphate buffer, pH 7.4 containing 0.5 mM (NH4)2SO4 and

10 mM KClO3 [10]. Samples for nitrite analysis were taken at

intervals and centrifuged (5 min at 13,000 rpm), and the superna-

tants (100 µl) were transferred to 96-well microtiter plates (NUNC,

Taastrup, Denmark). Griess–Ilosvay reagent (20 µl) was added to

each well, and after 15 min at room temperature, the absorbance at

540 nm was measured on a plate-reading spectrophotometer

(EL312e, Bio-tek Instruments, Winooski, VT).

In the second experiment the same exposures to Nycodenz (0.5

g soil + 1 ml of Nycodenz solutions, 1 h incubation) were used, but

Nycodenz was removed by centrifugation (7000 × g for 30 min,

supernatant discarded) prior to measurement of potential ammo-

nia oxidation rate (pellet dispersed in 3 ml single strength PAO and

incubated as above).

Effects of Soil Dispersion

Soil dispersion, which is used to release cells from soil particles, is

harmful to certain bacteria such as methane oxidizers [33], and

assessment of its effect on AOB prior to the extraction experiment

was necessary. The dispersion was done in liquid mineral medium

(LM) [21]: distilled water, 1000 ml; (NH4)2SO4, 0.5 g; KH2PO4, 0.2

g; CaCl2 ? 2H2O, 20 mg; MgSO4 ? 7H2O, 40 mg; FeNaEDTA, 3.8

mg; Phenol Red, 1 µg; N(2-hydroxyethyl)piperazin-N’-2-

ethansulfonic acid (HEPES) buffer, 4.77 g; trace element solution

[15], 1 ml; pH adjusted to 7.5 with 10 M NaOH. The final con-

centration of soil in the suspension was 0.1 g dry weight (dw) ml-1.

The suspension was homogenized in a blender (Waring, New Hart-

fort, CT) at maximum speed (22,000 rpm) with continuous cooling
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by tap water through the cooling jacket of the steel container. At

intervals during a 40 min dispersion, subsamples (10 ml) were

taken to determine the potential ammonia oxidation rate as de-

scribed above.

Extraction and Isolation

Soil Pretreatments. The soil was a clay loam (23% clay, 3% organic

C, pH 5.5) taken from a field experiment near the Agricultural

University of Norway (September 1997). The field had been

cropped with continuous monoculture of grains (wheat and barley)

for 20 years. The same soil has been used previously in developing

the method of cell extraction by density-gradient centrifugation

[24]. The soil was sieved (3 mm) in moist condition (27% water per

dry weight (w/dw), equivalent to pF 2.5 or -0.32 Mpa) and stored

cold (5°C) until used. Three pretreatments for 2 weeks were con-

ducted in order to compare indigenous populations of AOB in the

soil with newly grown populations.

Urea soil: Growth of AOB was achieved by daily additions of

urea. Fifty g soil (dw) was placed in a 100 ml plastic Büchner funnel

with a 55 mm glass fiber filter (Whatman GF/C, Maidstone, UK) at

the bottom. The soil was flooded daily with LM containing 3.8 mM

urea (replacing (NH4)2SO4) and 30 mM phosphate buffer pH 7.5

(replacing HEPES). After each flooding (10 min), the soil was

drained by application of a vacuum below the filter for 2–4 min to

reach approximately 42% w/dw, equivalent to pF 1.3 (-0.02 MPa).

The moisture level was checked after each drainage by weighing, to

ensure that the draining procedure was efficient. Between each

treatment, the funnel was wrapped in aluminium foil to minimize

water evaporation, and incubated at room temperature.

Water soil: Flooding and draining as for the urea soil, but with

distilled water instead of the LM urea medium.

Control soil: Moist soil (50 g dry weight, 27% w/dw moisture

content) was incubated at room temperature in a 250 ml Pyrex

bottle which was capped to avoid drying. The cap was opened for

30 s daily to ensure aerobic conditions.

Dispersion and Density-Gradient Centrifugation. The soils were dis-

persed in LM (0.1 g soil ml-1) by 10 min homogenization in the

Waring blender at full speed (22,000 rpm). Released cells were then

separated from soil particles by density-gradient centrifugation [8];

200 ml samples of the homogenized soil slurry were centrifuged for

3 h at 7,000 × g (at 4°C) on top of 40 ml cushions of Nycodenz

solutions (density 1.3 g ml-1) in a swingout rotor (JS7.5 rotor in a

Beckman J2-21M/E) as illustrated in Fig. 1. After centrifugation the

bacterial fraction above the Nycodenz cushion was collected with a

syringe. The cells in the bacterial fraction were harvested by filtra-

tion through 0.2 µm pore diameter polycarbonate membranes [21],

and resuspended in LM containing 3.8 mM (NH4)2SO4 for deter-

mination of potential ammonia oxidation rate and for extinction

dilution culturing. The pellet formed by soil particles (below the

Nycodenz cushion) was resuspended in the LM medium for the

same purposes. The flow chart is illustrated in Fig. 1.

Fig. 1. Flow chart of the dispersion-density gradient centrifugation procedure. PAO: potential ammonia oxidation; PCR: polymerase chain

reaction; MPN: most probable number.
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Potential ammonia oxidation rate: Potential rates of ammonia

oxidation were measured as accumulation of NO2
- + NO3

- during

incubation in LM (3.8 mM (NH4)2SO4) with 30 ml suspensions

contained in a 100 ml screw-cap laboratory bottles (Pyrex) which

were intensively shaken (250 rpm) at room temperature in the

dark. At intervals, subsamples were frozen to be analyzed later for

NO2
- + NO3

-. To increase sensitivity and to avoid problems with

humic substances interfering with traditional photometric meth-

ods, the bioassay developed by Christensen and Tiedje [13] was

used, in which NO2
- and NO3

- are reduced quantitatively to N2O

by the N2O-reductase deficient facultative denitrifier Pseudomonas

chlororaphis (ATCC 43928) and measured by gas chromatography

using electron capture detection [37]. In brief: 1 ml samples were

stored at -18°C in 12 ml serum vials sealed with rubber septa until

analysis. On the day of analysis, the frozen samples were thawed

and immediately pasteurized in a water bath at 70°C for 1 h to

inhibit indigenous N2O-reductase activity, and made anaerobic by

evacuation and flushing with helium 3 times. Cultures of P. chlo-

roraphis were grown aerobically (shaken cultures) in tryptic soy

broth (10g L-1) to late log phase, sealed and made anaerobic gradu-

ally to activate the denitrifying enzyme system [20], and added

(with syringe) to the anaerobic samples. Acetylene was then in-

jected to a final concentration of 10 % (vol/vol), to inhibit any

remaining N2O-reductase activity. After incubation for 6 h and

shaking (150 rpm) for 1 h, the concentration of N2O in the head-

space of the flask was measured, and the amount of NO2
- + NO3

-

produced per g dw soil was calculated. Linear regression was used

to estimate the potential ammonia oxidation rate from the mea-

sured accumulation of NO2
- and NO3

-. The regression coefficient

obtained for each flask was considered as a single independent

observation. Error bars in Figs. 2 and 3 indicate the standard de-

viations between three replicate flasks.

Extinction dilution of soil fractions: Serial (12) fivefold dilutions

of the suspensions were done in 96-well sterile microtiter plates

(Costar, Cambridge, MA, USA) filled with 200 µl LM per well. The

plates were wrapped in Parafilm and incubated for 2 months at

room temperature in the dark in plastic boxes with moist air to

avoid water loss by evaporation. Wells with a color shift for phenol

red (pH < 6.8) were recorded as positive [36] and used to estimate

the most probable number of ammonia oxidizers (MPN, [53]). The

microtiter plates were then stored at -20°C for later analysis of

DNA from AOB. In the following, the samples from the microtiter

plates are denoted “dilution cultures.”

Isolation of DNA, preparation of PCR templates and PCR primers:

From microtiter plates (dilution cultures), DNA was extracted after

pooling the 8 parallel wells at each dilution level (125 µl from each

well). DNA was isolated by adding 200 µl Dynabeads DNA DI-

RECT system I (Dynal, Oslo, Norway) to 1 ml sample and incu-

bating at 65°C for 15 min. The released DNA was adsorbed onto

the surface of the Dynabeads DNA DIRECT and the tube was then

placed in a Dynal Magnetic Particle Concentrator (Dynal, Oslo,

Norway), incubated for 1–2 min, and the supernatant was pipetted

off and discarded. The DNA–Dynabeads complex was washed twice

with 200 µl washing buffer (supplied with the kit). Then the DNA–

Dynabeads complex was resuspended in 40 µl 10 mM Tris-HCl, pH

8.0, and the DNA was eluted by incubation at 65°C for 5 min. The

eluted DNA was stored at -20°C until analysis. The DNA isolated

was diluted in fivefold steps and subjected to PCR amplification:

We ran PCR with two primer pairs: (a) Cto189 [23] and Nso 1225

[26] (GAOB) [27], and (b) Cto189 and Nsv443 [26] (SPIRA). The

GAOB primer pair was expected to detect all known AOB in the

b-subgroup of the Proteobacteria, whereas the SPIRA primers

should be specific for all known members of the genus Nitrosospira.

Thus, the sequences amplified with the SPIRA primers were ex-

pected to be a subpopulation of the sequences amplified with the

GAOB primers.

For each set of PCRs one negative control reaction (i.e., without

template) and one positive control reaction (with DNA from a pure

culture of a b-subgroup AOB as template) were routinely included.

After amplification, the reactions were analyzed by agarose gel elec-

trophoresis and DNA sequencing.

PCR conditions: PCR conditions were tested with genomic DNA

from pure cultures of AOB with known 16S rDNA sequences as

template DNA. In the test experiments two control reactions were

included in each PCR setup: one with genomic DNA from the

closely related bacterium Ralstonia eutropha ATCC no. 17697 (ba-

sonym Alcaligenes eutrophus) as template [47] and one without

template, to ensure that the PCR reagents were not contaminated.

The PCRs (25 µl) were run with 10 mM Tris- HCl (pH 8.3), 50 mM

KCl, 1.5 mM MgCl2, 20 µM dNTP, 1.0–2.0 µM of each primer, 1%

formamide, 0.6 U Taq polymerase (Advanced Biotechnologies Ltd.,

London, UK), and 5 µl diluted DNA. All PCRs were run in a

programmable thermal controller, PTC-100 (MJ Research Inc.,

Watertown, MA). All primers were synthesized by Gibco BRL

(Paisley, UK). The cycling conditions used for the primer pairs are

listed in the following. The GAOB primer pair: 94°C for 2 min; 35

cycles of denaturation at 94°C for 1 min; primer annealing 63°C for

1 min; extension at 72°C for 1 min and 45 s; final extension for 10

min at 72°C. For the SPIRA primer pair the same program was

used, except that primer annealing was performed at 63°C and the

extension time was 1 min.

Sequencing of PCR products: Before sequencing, the PCR prod-

ucts were diluted in fivefold steps, and these dilutions were used as

templates for a reamplification of the 16S rDNA fragments, with

the same primers as for the initial amplification. These PCR prod-

ucts were rinsed using the QIAquick PCR purification kit (Qiagen

GmbH, Germany) or the JETquick gel extraction spin kit (Ge-

nomed, GmbH, Germany) and both DNA strands were sequenced.

Sequencing was performed using the ABI Prism BigDye Termina-

tor Cycle Sequencing Ready Reaction Kit and an ABI Prism 377

DNA sequencer, as recommended by the supplier (PerkinElmer,

California, USA). The PCR products obtained with the SPIRA

primer pair were sequenced with the SPIRA primers. The PCR

products obtained with the GAOB primer pair were sequenced with

the 15F primer, corresponding to positions 343–357 of the E. coli

16S rRNA gene [38] and the 10R primer, corresponding to posi-

tions 704–691 in the E. coli 16S rRNA gene [16].

DNA sequence analysis: The DNA sequences were analyzed in

the GCG and EGCG program packages. Sequence alignments were

performed using ClustalW [45]. Phylogenetic trees were con-
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structed using programs in the EGCG program package: EDNA-

DIST [22], ESEQBOOT [17], and ENEIGHBOR [35]. These pro-

grams are modified versions of the programs DNADIST, SEQ-

BOOT, and NEIGHBOR in the Phylip program package [18]. The

phylogenetic trees were visualized using the TreeView software [28]

(URL: http://taxonomy.zoology.gla.ac.uk/rod/treeview.html). The

identity of the sequences obtained were confirmed by searching the

nucleotide sequence databases, using either the FASTA program

(http://www2.ebi.ac.uk/fasta3/) [29, 30] or the BLAST program

(http://www.ncbi.nlm.nih.gov/BLAST/) [4]. Two phylogenetic

analyses were performed: (a) with the sequences of the GAOB PCR

products and previously published 16S rDNA sequences of AOB

and (b) with the same sequences as in (a) and, additionally, the

sequences of the SPIRA PCR products. These phylogenetic analyses

had to be separated because the lengths of the GAOB and SPIRA

PCR products are different. The sequences included in the phylo-

genetic analyses were adjusted to the length of the shortest sequence

in the alignment. The GAOB sequences were adjusted to approxi-

mately 600 bp, and the SPIRA sequences were adjusted to approxi-

mately 170 bp. All the programs used for sequence alignment and

phylogenetic tree construction were run on a UNIX mainframe

computer.

Nucleotide accession numbers: The sequences used for alignment

and construction of phylogenetic trees, in addition to the sequences

obtained in the present work, were obtained from the EMBL da-

tabase under the following accession numbers: Ab000699,

Ab000700, Aj000344, Aj000345, Aj003752, Aj003754, Aj003760,

Aj003761, Aj003773, Aj003775, Aj003777, Aj003779, Aj003780,

Aj003782, Aj005543-Aj005546, Aj011920, Aj012105–Aj012108,

Aj012108, L35505, L35509, M96395–M96399, M96402, M96403,

U62867–U62886, X84656–X84658, X84660, X84662, X90820,

Y10127, Y10128, Z46981, Z46984, Z46990, Z46993, Z62885,

Z69091, Z69094, Z69097, Z69104, Z69125, Z69146, Z69151,

Z69155, Z69156, Z69165, Z69177, Z69194, Z69197. The new

nucleotide sequence data reported in this paper will appear in the

EMBL, Genbank, and DDBJ Nucleotide Sequence Databases under

the accession numbers Aj272548–Aj272576 (see also Table 1).

Results
Nycodenz Inhibition of Ammonia Oxidation

The effect of Nycodenz on the ammonia oxidation rate in

soil slurries is shown in Fig. 2. The highest concentration of

Nycodenz (0.8 g × ml-1) reduced the oxidation rate signifi-

cantly by approximately 30% as compared to the control (p

= 0.03, Student’s t-test). This moderate inhibition was com-

pletely reversible, however, as judged from the measured

oxidation rates in the samples where Nycodenz had been

removed prior to oxidation rate measurements. None of

these samples were significantly different from the control.

Effect of Soil Dispersion

During 40-min of homogenization, the potential ammonia-

oxidation activity in the slurry varied between 4.0 and 6.5

nmol N g-1 h-1. Instead of decreasing, the oxidation rate was

found to increase significantly (p < 0.05) with increasing

homogenization time (results not shown). The increase in

oxidation rate per minute of homogenization was estimated

(by linear regression, r2 = 0.6) to be 0.05 ± 0.02 nmol N g-1

h-1, which is approximately 1% increase per minute of ho-

mogenization.

Cell Extraction

Pretreatment of the soil with urea clearly led to a substantial

increase in potential ammonia oxidation activity (Fig. 3A),

and the potential ammonia oxidation rate in the urea soil

slurry was approximately five times higher than that for the

two other pre-treatments. The difference between the control

and urea soil slurry was significant (Student’s t-test, p <

0.01). The water pretreatment reduced the potential ammo-

nia oxidation rate in the slurries significantly; the difference

between water and control was 1.3 nmol N g-1 h-1 (Student’s

t-test, p = 0.02). Most of the ammonia oxidation potential in

the slurries was recovered in the pellets below the Nycodenz

cushion (Fig. 3B), but the relative recovery was lower for the

urea pretreatment than for the two others. The oxidation

rate in the bacterial fraction (Fig. 3C) from the urea soil was

approximately 40 times higher than the bacterial fractions

from the water and control soil (Student’s t-test, bacterial

fractions urea vs water, p = 0.01; urea vs control, p = 0.01).

In this case no significant differences was seen between the

control and the water pretreatment (Student’s t-test, p =

0.88NS); both bacterial fractions had activity around 0.04

nmol N g-1 h-1.

Figure 3D shows the estimated percent extractability of

AOB, i.e., the ammonia-oxidation rate in the bacterial frac-

tion expressed as percent of that in the pellet plus that in the

bacterial fraction. This extraction efficiency was 8% for the

urea soil and only 0.5 and 0.6% for the control and water

soils, respectively.

Unfortunately, the enumeration of AOB by the MPN

technique was not successful in most samples; e.g., extremely

variable and unrealistically high numbers were obtained in

the urea soil, with positive wells up to 10-8 g soil/well (data

not shown). The reasons are probably inefficient dispersion

in the wells and carryover of undiluted material via the pi-

pette tips. Hence, the actual numbers are not reported. How-

ever, the plates could still be used as a dilution to extinction

for DNA-based characterization of the numerically domi-

nant culturable AOB, which is described below.

The PCR results for the dilution cultures are shown in

Table 1. With one exception (in the slurry of the water soil)
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Table 1. Detection of AOB-like 16S rDNA-sequences in dilution culturesa

DNA template
isolated from

Dilution of the
sample from which
DNA was isolated

(g ml−1)

AOB-positive wells
(of 8 possible) in

the dilution shown
in column 2

Levels of detection
of 16S rDNA

sequences with the
GAOBb primersd

Levels of detection
of 16S rDNA

sequences with the
SPIRAc primersd

Accession
numbers

Slurry water 2.0 × 10−2 8 ++++6),8),29*) — Aj272548; Aj272555;
Aj272576

8.0 × 10−4 8 +++12) — Aj272559
3.2 × 10−5 3 ++++3) — Aj272551
1.3 × 10−6 1 +++1) — Aj272549

Slurry area 8.0 × 10−4 8 — —
3.2 × 10−5 8 — —
1.3 × 10−6 8 ++++22*) ++17) Aj272569; Aj272564
5.1 × 10−8 8 — ++25) Aj272572

Slurry control 2.0 × 10−2 8 — —
8.0 × 10−4 8 ++ —
3.2 × 10−5 1 — —

Pellet water 2.0 × 10−2 8 +++++23) — Aj272570
8.0 × 10−4 8 +++21*) +++26) Aj272568; Aj272573
3.2 × 10−5 0 — —

Pellet urea 3.2 × 10−5 8 — ++
1.3 × 10−6 8 — +++
5.1 × 10−8 2 — +++24*) Aj272571
2.0 × 10−9 1 — ++

Pellet control 2.0 × 10−2 8 ++++5) — Aj272553
8.0 × 10−4 8 ++++9),11),13) — Aj272556; Aj272558;

Aj272560
3.2 × 10−5 5 ++++2) +++ Aj272550
1.3 × 10−6 2 ++7),10),14) +++18*),19*) Aj272554; Aj272557;

Aj272561; Aj272565-6
5.1 × 10−8 1 +++4) + Aj272552

Bacterial water 2.0 × 10−2 8 ++15*) — Aj272562
fraction 8.0 × 10−4 6 +++27),28) — Aj272574-5

3.2 × 10−5 0 — —

Bacterial urea 8.0 × 10−4 8 — +
fraction 3.2 × 10−5 8 — +

1.3 × 10−6 8 — +16*) Aj272563
5.1 × 10−8 8 — +
2.0 × 10−9 8 — ++

Bacterial control 2.0 × 10−2 8 — —
fraction 8.0 × 10−4 8 — +++20) Aj272567

3.2 × 10−5 8 — ++
1.3 × 10−6 4 — —

a The preparation of the microtiter plates is described in Materials and Methods. The levels of detection of 16S rDNA sequences of AOB has been graded
by dilution of the DNA used as PCR template (+ product obtained without dilution; ++ product after 5× dilution; +++ product after 25× dilution; ++++
product after 125× dilution; +++++ product after 625× dilution).—means that no visible PCR products were obtained.
b GAOB; the primer pair Cto189 and Nso1225 [23,26,27].
c SPIRA; the primer pair Cto189 and Nsv443 [23,26].
d The superscripts in columns 5 and 6 refer to the number of the sequences obtained, as the sequences are denoted in the phylogenetic trees (Fig 4). Asterisks
indicate PCR products which were not sequences in both directions.
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at least one of the lowest dilution levels of each fraction were

PCR negative (i.e., no visible PCR products were obtained)

with both primer pairs, despite the evidence for ammonia-

oxidizing activity (and presumably growth). At dilution lev-

els approaching extinction, we obtained PCR products for

most fractions (slurries, pellets, and bacterial fractions), but

in most cases only for one of the primer pairs. The cultures

deriving from the urea soil (all fractions) and from the bac-

terial fraction of the control soil gave PCR products with the

SPIRA primer pair but not with the GAOB (one exception in

the urea slurry). This result was not observed in the cultures

from the water-treated soil, which were either positive for

both primer pairs or with GAOB only. The PCR controls

included in each PCR run gave results as expected, i.e., no

PCR products were obtained in the negative control reac-

tions, and in the positive controls we obtained PCR products

of expected sizes. Thus, the PCR conditions were appropri-

ate.

Fig. 3. Extraction of ammonia-oxidizing bacteria, measured as ammonia oxidation rate in the original soil slurry (A) which was applied

on the Nycodenz cushion, the pellet (B) below the cushion, and the bacterial fraction (C) on top of the cushion. The activity in the bacterial

fraction expressed as percent of that in the pellet + bacterial fraction is shown in D. Error bars indicate standard deviations (n = 3).

Fig. 2. Nycodenz effects on ammonia oxidation in soil slurry. The

oxidation rate was measured in the presence of Nycodenz (A) and

in slurries which had been exposed to Nycodenz for 1 h and then

washed by centrifugation and resuspension prior to measurement

(B). The ammonia oxidation activities are expressed as percentage

of the activity in the control (0 g Nycodenz ml-1). Error bars in-

dicate standard deviations (n = 3). Stars indicate significant differ-

ences from the control (Student’s t-test, p < 0.05).
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Sequencing of PCR products: Unambiguous sequences

were obtained from most PCR products subjected to se-

quencing. The sequences were aligned, and the alignments

formed the basis for construction of the phylogenetic trees

shown in Fig. 4. The sequences included in the trees are

numbered and marked with the origin (soil and soil frac-

tion), and clusters in the phylogenetic trees have been num-

bered (Fig. 4). The numbers of the sequences are also in-

cluded in Table 1, to relate the sequences to the dilution

levels and soil fractions from which they originated. For

some of the sequences included in the SPIRA tree, reliable

sequences were obtained for one DNA strand only (marked

with an asterisk in Fig. 4B). Database searching confirmed

the 16S rRNA gene identity of all the sequences included in

the trees, and all sequences showed high similarity to 16S

rRNA gene sequences of known AOB or AOB like sequences.

The topologies of the trees were the same, independent of

the program used for phylogenetic tree construction, and

only neighbor-joining trees are shown here (Fig. 4). The tree

in Fig. 4A is constructed on the basis of an alignment of the

PCR products amplified with the GAOB primer pair (the

GAOB sequences) and previously published 16S rRNA gene

sequences. The sequences in this alignment were adjusted to

approximately 600 bp before tree construction. The position

of the sequences corresponds to position 251–850 in the E.

coli 16S rRNA gene [12]. The tree in Fig. 4B is based on an

alignment of shorter sequences (approx. 170 bp), since the

sequences obtained from the SPIRA primers are included.

The position of these sequences corresponds to position

251–420 in the E. coli 16S rRNA gene [12]. Both the GAOB

and the SPIRA sequences are positioned within the Nitro-

sospira cluster in the phylogenetic tree. The topology of the

two trees is slightly different, but this is probably related to

the different number of sequences included in the trees and

to the length of the sequences included in the alignments.

The overall clustering of the trees, however, is the same, and

in a bootstrapped analysis of the sequences, the branch point

dividing clusters II and III in the GAOB tree (Fig. 4A) occurs

with a low frequency (not shown). Since the similarity values

of the 16S rDNA sequences of the Nitrosospira group are so

high, a few nucleotides difference is sufficient to change the

tree topology. The branching of the two trees are mainly

consistent, although some small branches appearing in the

GAOB tree are lost in the SPIRA tree (sequences 1, 3, and 6,

from the slurry of the water soil).

All the GAOB sequences obtained had perfect match with

the Nsv443 sequence, the Nitrosospira specific primer. Sev-

eral of the sequences originating from the same microtiter

plate, i.e. the same dilution series, are clustered in different

subgroups within the Nitrosospira cluster. Sequences ob-

tained from one dilution series, i.e. different dilution levels

originating from one specific soil and soil fraction, do not

form separate groups in the phylogenetic tree. The sequences

from the slurry of the water soil and from the pellet of the

control soil are both found in two separate clusters (Fig. 4).

The sequences obtained from the urea soil, included in the

SPIRA tree (Fig. 4B), are distributed in three Nitrosospira

clusters. Unfortunately, only a few sequences were obtained

from the bacterial fractions, and the sequences obtained

were too short to be included in the GAOB tree. Two se-

quences, obtained from the bacterial fractions of the water

and urea soils, are separated in one group in cluster I,

whereas the two other sequences obtained from the water is

found in cluster II/III. The latter sequences were 100% simi-

lar in the region covered by the alignment on which the

SPIRA tree is based. The sequence obtained from the bac-

terial fraction of the control soil is positioned within cluster

I, showing 100% similarity to several Nitrosospira and Ni-

trosospira-like sequences included in the alignment.

The similarity values of the GAOB sequences included in

the GAOB tree (Fig. 4A) vary from 96.0% (between se-

quence 1 from the slurry of the water soil (Cluster II) and

sequence 14 from the pellet of the control soil (Cluster I)) to

100%. For the SPIRA sequences, the similarity values vary

from 95.7% (between sequence 14 from the pellet of the

control soil (Cluster I) and sequences 27 and 28 from the

bacterial fraction of the water soil (Cluster II/III)) to 100%.

Discussion

The Sensitivity of AOB to the Extraction Protocol

Nycodenz inhibited AOB at high concentrations, but the

inhibition was clearly reversible (Fig. 2), in contrast to meth-

ane-oxidizing bacteria, which were irreversibly inhibited by

Nycodenz [33].

Dispersion by blending has been found to destroy certain

soil bacteria, and the rate of destruction has been estimated

as a first order decay rate (% × min-1) by linear regression of

log transformed numbers (or activity) against time [24, 33].

In this study no decay rate of ammonia oxidation could be

estimated, since the activity was seen to increase slightly

during homogenization. We do not have a good explanation

for this increase, but the result demonstrates that the indig-

enous population of AOB in soil are extremely robust to-

ward homogenization compared to previously published de-
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Fig. 4. Neighbor joining distance trees based on 16S rDNA sequences obtained in the present study and previously published 16S rDNA

sequences of ammonia-oxidizing bacteria in the b-subgroup of the Proteobacteria. The g-Proteobacterium Nitrosococcus oceani was used

as an outgroup in both trees. The sequences have been numbered. The sequences obtained in this study are shown in bold. (A) The tree

is based on an alignment of 600 bp long sequences, including sequences of GAOB PCR products. The bar shows a relative distance of 0.1.

(B) The tree is based on an alignment of 170 bp long sequences and includes both sequences of SPIRA and GAOB PCR products. The bar

shows a relative distance of 0.01. Asterisks indicate sequences of PCR products where one DNA strand was sequenced only.



cay rates of methane-oxidizing bacteria (2–18% min-1) [33]

and E. coli (2% × min-1) [8].

Centrifugation itself could theoretically inhibit the AOB

adsorbed to soil colloids due to the strong compaction of the

pellet during the 3 h long density-gradient centrifugation.

This does not appear to be serious, however, considering

that approximately 90% of the total activity in the slurries

were recovered in the pellet plus the bacterial fraction

(Fig. 3).

Activity and extractability

Potential activity of AOB was evidently stimulated by the

urea additions; the ammonia oxidation potential in the urea

soil (Fig. 3A) was 5 times higher than that in the water and

control soils. The increased potential activity could be due to

growth of AOB in response to substrate addition, or it could

be a result of activation of starving cells and reduced lag

phase as described by Batchelor et al. [9]. Since ureases are

normally abundant in soil [14], most of the urea added was

expected to be accessible as ammonium/ammonia instantly

after addition, thus urea is unlikely to have selected for ure-

ase positive AOB. The reason for using urea rather than

ammonia as substrate was to ensure an even distribution of

substrate after flooding and draining (urea is uncharged and

hence mobile in the soil matrix; ammonium is not).

The potential activity was evidently not stimulated by

flooding with water; in fact the ammonia-oxidation rate was

lower in the slurry of the water soil compared to the control

which had been incubated at a moisture tension of -0.32

Mpa (27% moisture w/dw). The lack of a positive effect of

the water treatment on growth of AOB is in agreement with

Berg and Rosswall [11] as well as Stark and Firestone [39],

who found that the critical moisture tension for AOB in soil

are much lower (-0.7 and -0.64 Mpa, respectively) than that

in our control soil (-0.32 Mpa).

The percentage of AOB extracted from the water and

control soil (0.5%) is more than 10-fold less than the extrac-

tion efficiency for heterotrophic bacteria for the same soil [6,

24]. In comparison, the extraction percent of AOB in the

urea soil was 8% (Fig. 3D). This demonstrates that the in-

digenous and presumably “old” AOB in the water and con-

trol soils were strongly attached to soil particles compared to

the newly grown AOB in the urea soil. Two alternative ex-

planations are applicable: (a) Attachment of AOB is a

gradual process; hence, newly grown AOB cells (“young”)

are less strongly attached to soil particles than cells with a

long residence time since last cell division (“old”). (b) The

substrate input (urea) induces growth of a particular fraction

of the AOB community, which differs from the original

population in being less strongly attached to surfaces.

PCR and Sequencing

Previously, it has been established that Nycodenz does not

affect the Taq DNA polymerase activity in the PCR mix,

when the Nycodenz concentration in the PCR mix is lower

than 0.4 g × ml-1 (Utåker, Ph.D. thesis, Agricultural Uni-

versity of Norway, 1997). Thus, we do not expect any in-

hibitory effect of Nycodenz on the PCRs carried out. The

PCR products obtained initially were sequenced directly, af-

ter one reamplification by PCR; cloning of the fragments was

not found to be necessary. This suggests that single strains

are dominating in each of the dilution cultures, even at low

dilution levels. Dilution culturing thus appears to be a suit-

able technique for the first stage of characterizing culturable

AOB by specific amplification and sequencing.

The GAOB primer pair (the Cto189 and the Nso1225

primers) was expected to include all ammonia-oxidizing

bacteria in the b-subgroup of the Proteobacteria, whereas the

SPIRA primer pair (the Cto189 and the Nsv443 primers) was

expected selectively to detect Nitrosospira [23, 26, 27].

Therefore we expected that any culture giving PCR product

with the SPIRA primer pair, would also give products with

the GAOB primer pair. Instead, only a minority of the di-

lution cultures giving products with the SPIRA primer pair

gave products with the GAOB primer pair. The results sug-

gested the presence of at least one novel group of ammonia

oxidizers, with 16S rDNA sequences essentially different

from the previously described subgroups of Nitrosospira and

Nitrosomonas. The sequencing hardly confirmed this hy-

pothesis, however: All the sequences were highly similar to

16S rDNA sequences of previously described pure cultures of

Nitrosospira. Although the PCR products were obtained with

primers claimed to detect different groups of AOB, the

GAOB sequences and the SPIRA sequences did not cluster

into separate groups within the phylogenetic tree; SPIRA and

GAOB based PCR products were largely found to group in

the same clusters. Also, the apparently peculiar cultures

which gave products with SPIRA, but not with GAOB, clus-

tered with different groups of Nitrosospira. The reason for

the lack of GAOB amplification for these cultures cannot be

found in the SPIRA amplified sequences, since these se-

quences do not include the GAOB reverse primer Nso1225

position. Since the sequences of these SPIRA PCR products

cluster with the Nitrosospira group, they must originate from
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unknown Nitrosospira, which have several mismatches with

the Nso1225 sequence. Similar unexpected results when ap-

plying AOB-specific oligonucleotides were also reported re-

cently by Phillips et al. [31], and their results also showed the

need for improvement of the specific oligonucleotides ap-

plied in studies of AOB in the environment.

Since only a few, relatively short sequences were obtained

from the extracted bacterial fractions, conclusions can

hardly be drawn on the phylogenetic position of the AOB

responsible for ammonia oxidation in these fractions. How-

ever, the sequences obtained do not indicate profound phy-

logenetic differences between extractable and nonextractable

AOB.

Previously, a link between habitat, physiology, and phy-

logeny of AOB has been hypothesized [23, 31, 41, 42, 43].

The peculiarity of the cultures from the urea soil (PCR prod-

ucts with the SPIRA only) could suggest that a particular

type of AOB became dominant due to the substrate input.

The sequencing of the PCR products did not confirm this

hypothesis, however, since the sequences were grouped with

several Nitrosospira clusters, thus phylogenetically overlap-

ping the cultures from the indigenous AOB population.
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47. Utåker JB, Nes IF (1998) A qualitative evaluation of the pub-

lished oligonucleotides specific for the 16S rRNA gene se-

quences of the ammonia-oxidizing bacteria. System Appl Mi-

crobiol 21:72–88

48. Verhagen FJM, Duyts H, Laanbroek HJ (1993) Effects of graz-

ing by flagellates on competition for ammonium between ni-

trifying and heterotrophic bacteria in soil columns. Appl En-

viron Microbiol 59:2099–2106

49. Verhagen FJM, Hageman PEJ, Woldendorp JW, Laanbroek HJ

(1994) Competion for ammonium between nitrifying bacteria

and plant roots in soil in pots; effects of grazing by flagellates

and fertilization. Soil Biol Biochem 26:89–96

50. Wagner M, Rath G, Amann R, Koops HP, Schleifer KH (1995)

234 Å Aakra et al.



In situ identification of ammonia-oxidizing bacteria. System

Appl Microbiol 18:251–264

51. Watson SW, Bock E, Harms H, Koops HP, Hooper AB (1989)

Nitrifying bacteria. In: Murray RGE, Brenner DJ, Bryant MP,

Holt JG, Krieg NR, Moulder JW, Phenning N, Sneath PHA,

Stanley JT, Williams S (eds) Bergey’s Manual of Systematic

Bacteriology. The Williams & Wilkins Co, Baltimore, pp

1808–1834

52. Woese CR, Weisburg WG, Paster BJ, Hahn CM, Tanner RS,

Krieg NR, Koops HP, Harms H, Stackebrandt E (1984) The

phylogeny of purple bacteria: The beta subdivision. System

Appl Microbiol 5:327–336

53. Woomer PL (1994) Most probable number counts. In:

Weaver RW, Angle JS, Bottomley PS (eds) Methods of Soil

Analysis, Part 2: Microbiological and Biochemical Properties.

Soil Science Society of America, Madison, WI, pp 59–79

Attachment of Ammonia-Oxidizing Bacteria 235


